The identification of nearly a dozen ion channel genes involved in the genesis of human atrial and ventricular arrhythmias has been critical for the diagnosis and treatment of fatal cardiovascular diseases. In contrast, very little is known about the genetic and molecular mechanisms underlying human sinus node dysfunction (SND). Here, we report a genetic and molecular mechanism for human SND. We mapped two families with highly penetrant and severe SND to the human ANK2 (ankyrin-B/AnkB) locus. Mice heterozygous for AnkB phenocopy human SND displayed severe bradycardia and rate variability. AnkB is essential for normal membrane organization of sinoatrial node cell channels and transporters, and AnkB is required for physiological cardiac pacing. Finally, dysfunction in AnkB-based trafficking pathways causes abnormal sinoatrial node (SAN) electrical activity and SND. Together, our findings associate abnormal channel targeting with human SND and highlight the critical role of local membrane organization for sinoatrial node excitability.
The identification of nearly a dozen ion channel genes involved in the genesis of human atrial and ventricular arrhythmias has been critical for the diagnosis and treatment of fatal cardiovascular diseases. In contrast, very little is known about the genetic and molecular mechanisms underlying human sinus node dysfunction (SND). Here, we report a genetic and molecular mechanism for human SND. We mapped two families with highly penetrant and severe SND to the human ANK2 (ankyrin-B/AnkB) locus. Mice heterozygous for AnkB phenocopy human SND displayed severe bradycardia and rate variability. AnkB is essential for normal membrane organization of sinoatrial node cell channels and transporters, and AnkB is required for physiological cardiac pacing. Finally, dysfunction in AnkB-based trafficking pathways causes abnormal sinoatrial node (SAN) electrical activity and SND. Together, our findings associate abnormal channel targeting with human SND and highlight the critical role of local membrane organization for sinoatrial node excitability.
calcium ͉ trafficking ͉ arrhythmia ͉ cytoskeleton C ardiac pacing is orchestrated by a small group of specialized excitable cells termed the sinoatrial node (SAN). The importance of SAN activity for vertebrate physiology is clearly illustrated by dysfunction in SAN activity in human disease. Sinus node dysfunction (SND) causes ''sick sinus syndrome'', which includes sinus bradycardia, sinus arrest or exit block, combinations of sinoatrial and atrioventricular nodal defects, and atrial tachyarrhythmias (1) (2) (3) . SND may occur at all ages, but is most prevalent in the elderly (1:600 cardiac patients Ͼ65 years) (4) . In fact, SND is the reason for over half of permanent pacemakers (Ͼ1 million worldwide) at an annual cost of nearly two billion dollars (in the United States alone) (5) . Moreover, SND is an independent predictor of serious cardiovascular disease and death (6) . Although common in adults with acquired heart disease, following surgical correction for congenital heart disease or during antiarrhythmic therapy, SND is also present in patients without identifiable cardiac abnormities or associated conditions (7, 8) . These findings and observations from twin studies support the role of genetic factors in SND.
Genetic variants in a number of genes, mostly encoding ion channels, predispose a fraction of the population to atrial and ventricular arrhythmias (9) . The identification of these variants has enabled early diagnosis and treatment of potentially fatal disease. In contrast, the genetic and molecular mechanisms underlying human SND are essentially unknown. Moreover, because of the experimental difficulty of working with primary SAN cells (low number, unique molecular, structural, and electrical properties compared with atrial/ventricular myocytes), our understanding of SAN biology is limited.
Ankyrins are adapter proteins required for targeting channels and transporters in diverse cells (10) . Dysfunction in ankyrin-based pathways has been linked with human disease, including hemolytic anemia (11) and ventricular arrhythmias (12) . Here, we associate a genetic and molecular mechanism for human SND with dysfunction in the AnkB pathway. We mapped two large families with highly penetrant and severe SND to the human ANK2 locus (encodes AnkB), and demonstrate that the identified genetic variant represents a loss-of-function mutation in SAN cells. We demonstrate that AnkB is highly expressed in the SAN, and AnkB activity is essential for the posttranslational organization of SAN channels and transporters. Mice lacking AnkB expression phenocopy human ANK2 SND displayed sinus bradycardia and heart rate variability. Dysfunction in AnkB-based channel/transporter trafficking at the level of the single SAN cell leads to loss of normal cell Ca 2ϩ handling and automaticity. These results implicate ANK2 as an unexpectedly common SAN disease gene, associate a unique class of ''channelopathy'' with abnormal ion channel-targeting in specialized SAN cells, and highlight the critical role of local membrane organization for SAN excitability. Table S1 ], the index patient (IndIII-21) was identified because of SND and atrial fibrillation (AF). His son (IndIV-34), also affected by SND and AF, died suddenly at age 18 while being awakened. The first episode of sudden death in Family 1 occurred in a 12-year-old boy (IndIV-26) after exercise. These events were the starting point for familial screening that allowed identification of 74 members (see Fig. 1 A) . Among these members, 25 were affected by SND. In these patients, the rhythm originated from the SAN in 7, the coronary sinus in 7, and junctional escape rhythm was recorded in 12 patients. Thirteen family members were affected by AF (5 paroxysmal, 8 permanent; mean onset, 40 Ϯ 18 years). SND led to pacemaker implantation in 14 patients (mean age for implantation, 34 Ϯ 17 years). A typical ECG trace of SND in a child and an in utero echocardiogram of the same patient (IndV-3) are shown in Fig. S1 a and b. Twenty-three individuals were also affected by abnormal ventricular repolarization characterized by a prominent sinusoidal TU wave leading to a prolonged QTU interval. Sequencing all available patients, 24 of 26 presenting with SND or prolonged QTU interval plus 23 unaffected and 1 undetermined (II-3), identified 25 mutation carriers (AnkB-E1425G, ref. 12), whereas all unaffected family members were noncarriers. The AnkB-E1425G mutation is located in the AnkB spectrin-binding domain and affects ankyrin-binding activity for membrane partners including NCX1, Na/K ATPase, and IP 3 R (12, 13). The heart rate was lower in ANK2 mutation carriers than in noncarriers (56 Ϯ 15 bpm versus 85 Ϯ 24 bpm; P Ͻ 0.001). In 22 carriers, repolarization was characterized by a sinusoidal TU wave (mean QTU for 22 carriers, 619 Ϯ 114 ms) consistent with the known role of AnkB mutations in ventricular long QT sydrome (12) .
Results

ANK2 Gene Variants in
In Family 2 (Fig. 1B, Table S2 ), the index patient (IndII-6) was identified because of supraventricular and ventricular arrhythmias associated with SND leading to a pacemaker implantation (age 51). Familial screening allowed identification of 44 members (see Fig.  1B , Table S2 ). Thirteen were affected by SND. In these patients, the rhythm was from the SAN in 10 and from the coronary sinus in 3. Three family members were affected by AF (two paroxysmal, one permanent; mean age for onset, 48 Ϯ 12 years). SND led to pacemaker implantation in six patients (mean age for implantation, 30 Ϯ 18 years). Examples of abnormal ECG patterns are shown in . Twelve individuals were also affected by an abnormal sinusoidal repolarization with a prominent U wave and prolongation of the QTU interval, similar to our findings in Family 1. Based on the presence of SND, AF, or abnormal repolarization, we classified 16 family members as affected. Echocardiography examination identified five cases of atrial septal defect. Given the phenotypic similarities between the two families, we genotyped six microsatellite markers at the ANK2 locus. Among the 36 members of Family 2 included in the study, 20 were carriers of a common haplotype at the ANK2 locus, whereas 16 were noncarriers (see Fig. 1B ). The maximum LOD score was obtained for marker D4S1616 and showed evidence for a strong linkage (Zmax ϭ 5.9, ϭ 0). All patients considered as affected were carriers of the ANK2 disease haplotype. One patient (IndI-2), who was an obligate carrier of this disease haplotype, experienced sudden death while sleeping at age 43. No ECG is available and no autopsy was performed. Only four patients were nonpenetrant. The similarities of the phenotype with the original kindred, with a marked SND and a LQT4-like morphology of the T wave and an overwhelming linkage with ANK2 locus, are strongly in favor of an AnkB defect. Although no ANK2 mutation has yet been identified in any ANK2 exons or splicing donor/acceptor site, immunoblot of a muscle biopsy obtained following pacemaker implantation of patient III-1 revealed a striking decrease in AnkB expression compared with samples from two unaffected individuals (Fig. S2 ). These data suggest that the Family 2 ANK2 variant resides in a promoter/enhancer sequence in uncharacterized 300 kb of the ANK2 gene sequence upstream of ANK2 exon 1, and significantly reduces AnkB expression, similar to AnkB ϩ/Ϫ mice. Among the carriers of the ANK2 disease haplotype, the heart rate was lower than in noncarriers (57 Ϯ 14 bpm versus 77 Ϯ 15 bpm; P Ͻ 0.001). In 12 carriers, ventricular repolarization was characterized by a sinusoidal TU wave (mean QTU for these 12 carriers, 552 Ϯ 54 ms). Finally, heart rates were similar (56 Ϯ 15 bpm versus 57 Ϯ 14 bpm) between the carriers of families 1 and 2. Taken together, these data demonstrate that mutant human ANK2 alleles associated with reduced AnkB expression or AnkB loss-of-function are strongly associated with severe human SND.
AnkB Is Required for SAN Function. Radiotelemetry was used to assess SAN function in conscious unrestrained mice heterozygous for AnkB (AnkB ϩ/Ϫ mice). AnkB ϩ/Ϫ mice backcrossed 18 generations displayed pronounced bradycardia compared with WT littermates at all ages ( Fig. 2A; 1, 3, 6 , and 9 months), consistent with observations in human ANK2 gene variant carriers. In addition to bradycardia, we observed striking variability in resting heart rate of AnkB ϩ/Ϫ mice compared with WT littermates (see Fig. 2A ). Therefore, loss of an ANK2 allele causes SND in mice, consistent with data from humans heterozygous for a mutant AnkB allele (see Fig. 1 and Fig. S1 ).
AnkB Is Enriched in SAN.
Immunoblots of isolated human SAN lysates revealed expression of AnkB (Fig. 2B) . SAN proteins HCN4, Ca v 1.3, Ca v 3.1, NCX1, and connexins 45 and 40 were observed in parallel SAN blots (see Fig. 2B ). Moreover, connexin 43 expression was not observed in human SAN blots (found in atria, but not central SAN; refs. 14-17), demonstrating accurate dissection of the SAN region from surrounding right atria. We observed AnkB expression in adult mouse SAN (Fig. 2C) . AnkB ϩ/Ϫ mice displayed significant reduction in SAN AnkB expression (see Fig. 2C ) (Ͼ50% reduction, n ϭ 3; P Ͻ 0.01). Confocal imaging revealed that AnkB is expressed in the SAN as denoted by SAN marker proteins HCN4 and neurofilaments (Fig. 2D) . Parallel staining experiments of AnkB ϩ/Ϫ mice revealed significant reduction of SAN AnkB (Fig.  2E) . No changes in expression of HCN4 or neurofilament were observed in AnkB ϩ/Ϫ SAN (see Fig. 2 D and E) . Moreover, no gross abnormalities in SAN morphology were detected in AnkB ϩ/Ϫ mice.
AnkB is localized on the cell membrane of isolated SAN cells (Fig. 2F) . We also observed AnkB expression in a striated pattern corresponding to the SAN cell M-line (SAN cells do not have T-tubules; ref 18). AnkB expression is reduced and heterogeneous in AnkB ϩ/Ϫ SAN cells (Fig. 2G) compared to WT controls. Therefore, AnkB is enriched in SAN, is present at the SAN membrane surface, and is reduced in AnkB ϩ/Ϫ SAN cells.
AnkB Is Required for Targeting SAN Channels and Transporters.
Immunoblots of WT and AnkB ϩ/Ϫ SAN cells (Fig. S3a ) revealed reduced expression of Na/Ca exchanger (NCX1) and Na/K ATPase (NKA, both reduced 30-40%; P Ͻ 0.05; n ϭ 3, each n ϭ 3 per genotype). Additionally, IP3 receptor (IP3R) expression was reduced Ϸ40% in AnkB ϩ/Ϫ SAN (see Fig. S3a ). In contrast, Ca v 1.2, Ca v 1.3, RyR 2 , HCN4, Ca v 3.1, Cx45, NHERF1, and NKA␤ 1-2 expression levels were unchanged in AnkB ϩ/Ϫ SAN (see Fig. S3a ). Connexin 43 expression was not observed in SAN cell lysates (see Fig. S3a ).
Loss of NCX1, NKA, and IP 3 R in AnkB ϩ/Ϫ SAN cells is paralleled by abnormal localization of NCX1 (Fig. 3 A and B) , NKA (Fig. 3 m and n) , and IP 3 R (Fig. 3 O and P) in isolated AnkB ϩ/Ϫ SAN. Unexpectedly, we also observed striking differences in distribution of Ca v 1.3 in AnkB ϩ/Ϫ SAN. Ca v 1.3 expression in AnkB ϩ/Ϫ SAN cells was limited to an internal perinuclear distribution, in contrast to the homogenous membrane distribution in WT cells (Fig. 3 E and F) . We observed no difference in the localization of other SAN proteins including RyR 2 ( Fig. 3 K  and L) , Ca v 1.2 ( Fig. 3 C and D) , Ca v 3.1 ( Fig. 3 G and H) , HCN4 ( Fig. 3 I and J) , and connexin 40 (data not shown). Abnormal expression and targeting of Ca v 1.3, NCX1, IP 3 R, and NKA in AnkB ϩ/Ϫ SAN cells is likely the result of a posttranslational event, as no significant difference in the mRNA levels of these transcripts or other key SAN transcripts was identified by TaqMan Low Density Arrays (Tables S3 and S4 ). Together, Fig. S3 b-d) . Moreover, replacement with AnkB harboring the human E1425G mutation was unable to rescue abnormal NCX1 targeting in AnkB ϩ/Ϫ SAN, even though the mutant AnkB (E1425G) was properly expressed and localized in AnkB ϩ/Ϫ SAN cells (Fig. S3e) . These data indicate that a full compliment of AnkB is necessary for the membrane expression of Ca v 1.3, NCX1, NKA, and IP 3 R in SAN cells, and suggest that the E1425G mutation, causing clinical SAN dysfunction in Family 1 patients, abolishes this activity. (20) . In contrast to total I Ca , we observed no significant difference in I Ca , T density (Ca v 3.1, 3.2) between WT and AnkB ϩ/Ϫ SAN (Fig. 4C) . In contrast, I Ca,L in AnkB ϩ/Ϫ SAN was significantly reduced (Ͼ60% reduced, n ϭ 10; P Ͻ 0.05) compared with WT SAN cells (Fig. 4D) . Finally, I f current was similar in WT and AnkB ϩ/Ϫ cells (Fig. 4E)  (n ϭ 8) . Therefore, our functional data strongly support a role for AnkB in the targeting and activity of specific SAN channels and transporters.
AnkB Is Required for SAN Ca 2؉ Homeostasis. Cytosolic Ca 2ϩ handling is critical for normal SAN function, and cellular Ca 2ϩ entry by I Ca,L is necessary for generation of normal cardiac pacemaker activity in the SAN (21) . Inactivation of Ca v 1.3 in mice leads to significant reduction in SAN I Ca,L (Ϸ70%), reduced SAN rate, and spontaneous SAN arrhythmias (22) . Recent findings also demonstrate the importance of NCX1 activity for SAN function (23) . Knockout of NCX1 in mice is lethal at 11 days postcoitum, at least in part because of lack of a beating heart (24) . Therefore, abnormal NCX1 and Ca v 1.3 expression and function in AnkB ϩ/Ϫ SAN cells (see Fig.  3 and Fig. S3a ) are likely to contribute to the mechanism of SND in AnkB ϩ/Ϫ mice and in patients. Because NCX is a major pathway for cellular Ca 2ϩ removal, we predicted that loss of NCX1 should lead to loss of normal SAN Ca 2ϩ homeostasis in AnkB ϩ/Ϫ mice. We examined potential defects from Ca 2ϩ handling in AnkB Fig. 5A ). Moreover, AnkB ϩ/Ϫ SAN cells displayed striking heterogeneity in rate (Fig. 5 A and B) , in agreement with human and mouse data. Fourier transform of rate data revealed a single rate frequency for WT SAN cells (4.3 Hz) (see Fig. 5B ). In contrast, AnkB ϩ/Ϫ cells displayed enhanced rate variability, seen as two prominent frequencies, both lower than WT rates (Ϸ2.2 Hz/Ϸ2.9 Hz). Finally, AnkB ϩ/Ϫ SAN cells reduced frequency of Ca 2ϩ release remained delayed and irregular even in the presence of ␤-adrenergic stimulation (n ϭ 8, P Ͻ 0.05) (Fig. 5 C and D) . Isoproterenol application to AnkB ϩ/Ϫ SAN cells increased SAN rate, but not to levels observed in isoproterenol-treated WT cells (see Fig. 5 C and  D) . In fact, AnkB ϩ/Ϫ SAN cells treated with isoproterenol displayed increased rate variability following treatment (see Fig. 5 C and D) . Therefore, a full complement of AnkB is required for SAN Ca 2ϩ homeostasis. Moreover, abnormal NCX1 and Ca v 1.3 membrane expression likely underlie abnormal Ca 2ϩ handling phenotypes.
AnkB Is Required for SAN Electrical Activity. Observed dysfunction in I NCX and I Ca,L (see Fig. 4 ), as well as likely aberrant Na/K ATPase and IP 3 R membrane function (see Fig. 3 ), predict that AnkB ϩ/Ϫ SAN cells display abnormal electrical activity. We measured action potentials in single isolated WT and AnkB ϩ/Ϫ SAN cells by using the perforated-patch technique to preserve SAN cell homeostasis and signaling pathways. Spontaneous cell membrane potential oscillations (after-polarizations) were observed in a significant percentage of single AnkB ϩ/Ϫ SAN cells (Ϸ18% of AnkB ϩ/Ϫ cells) (Fig. S4) . Spontaneous after-depolarizations were only rarely ob- served in WT cells (Ϸ3% cells). Together, our data strongly link AnkB function with normal SAN electrical activity.
Discussion
The genetics of human SND are poorly defined. Loss-of-function variants in the human ANK2 are the cause of the congenital type 4 long QT syndrome (LQTS) (12, 25, 26) . Variant carriers display risk of tachycardia, syncope, and sudden death (12, 26) . Our findings associate ANK2 with a second cardiovascular disease, human SND. SND is nearly completely penetrant in individuals with ANK2 linkage and is observed for all ages, including in utero. AnkB is the only non-ion channel protein implicated in human SND and the first example of SND disease based on dysfunction in intracellular Ca 2ϩ regulation. Therefore, our recent results associate SAN disease with abnormal ion channel and transporter targeting and highlight the critical role for local membrane organization for SAN excitability.
ANK2 dysfunction may play a role in the genesis of SND and sudden death in the general human population. Recent findings linked a major locus for resting heart rate in the general population to human chromosome 4q (27) . The locus site was mapped near D4S2394 ([LOD] score ϭ 3.9) (27), a site that overlaps the location of ANK2. It is noteworthy that a heart-rate locus in rat has been mapped to a homologous gene region that contains the rat Ank2 gene (chromosome 2, D2Rat62-247, LOD ϭ 2.9) (28, 29) . Our findings suggest that both loci represent heart-rate inconsistency because of variability in ANK2.
To date, ANK2 gene variants have been linked with catecholaminergic polymorphic ventricular tachycardia (CPVT), AF, defects in conduction, and severe SND (9, 12, 25, 26) . A key unanswered question is how AnkB mutations may result in such a diverse collection of clinical phenotypes. Our findings demonstrate that AnkB-based pathways are critical for calcium regulation in multiple, electrically excitable, cardiac-cell types (ventricular, SAN). Therefore, we predict that analogous defects in AnkB-based pathways in different cardiac-cell types likely account for the breadth and diversity of clinical phenotypes observed in ANK2 variant carriers (LQTS, CPVT, SND). However, similar to other disease phenotypes, we recognize that genetic modifiers, unidentified compounding mutations, and a host of environmental factors likely play central roles in defining the ultimate cardiac phenotype of ANK2 variant carriers (e.g., LQTS versus SND). Data from additional probands (and family members) will be critical for resolving genotype/phenotype relationships for ANK2 variant carriers.
In summary, our findings identify a unique genetic basis for human SND and reinforce the importance of ankyrin-based targeting pathways for regulating the physiology of excitable cells. As SND is an independent risk factor for mortality, these findings identify an unexpected cardiovascular disease susceptibility gene in ANK2. Moreover, these findings suggest the exciting potential of ankyrin pathways as targets for future therapies for diseases of excitable cells.
Materials and Methods
Clinical Investigation. See SI Methods.
Genetic Analysis. Family 1 genetic analysis has been previously published (12) . Analysis for Family 2 is described in SI Methods.
Mouse ECG Recordings. Heart rates of ambulatory animals were determined by averaging resting heart rates (n ϭ 6 for each mouse) of WT and AnkB ϩ/Ϫ conscious mice over 2 h, taken at a similar time each day (12) . Heart rates for eight mice from each genotype were monitored for each age (1, 3, 6 , and 9 months). Statistical Analysis. Data were analyzed by using either paired two-tailed t tests or two-way analysis of variance, and P values Ͻ0.05 were considered significant. Data are expressed as means Ϯ standard deviation.
SAN Preparation and Electrophysiological
